Introduction
Host cell cyclophilins have emerged as key determinants in the pathogenesis of numerous viruses. They are highly expressed proteins, accounting for approximately 0.5% of the total cytosolic proteins, and are secreted as well, possessing chemokine-like properties. 1, 2 Most cyclophilins are enzymes that catalyze the reversible interconversion of prolylpeptide bonds (i.e. peptidyl-prolyl isomerases, PPIases) and this activity aids in protein folding 3 and regulates protein functions during signal transduction. 4 Although the catalytic role of cyclophilins in viral infection remains unknown, it is clear that both RNA and DNA viruses depend on these host enzymes. Viruses that utilize host cell cyclophilins include vesicular stomatitis virus (VSV), 5 severe acute respiratory syndrome virus (SARS), 6 simian immunodeficiency virus (SIV), feline immunodeficiency virus (FIV), 7 human immunodeficiency virus type 1 (HIV-1), 8 hepatitis C, 9 and vaccinia virus (VV). 10 Disruption of viral/host-cyclophilin interactions either abolishes or severely impairs cellular infection, consistent with studies that suggest cyclophilins play multiple roles in viral pathogenesis. Such roles include stabilizing proteins involved in viral replication 5, 9 and protecting proteins from cellular restriction factors. 11 Additionally, several viruses package host cell cyclophilins into mature virions and in some cases they are relocated to viral membranes where they may aid in cellular adhesion. 12 It is not yet clear whether the roles of cyclophilins are virus-specific or if there are common themes to viral utilization of these host enzymes.
The first virally encoded cyclophilin (mimicyp) has recently been identified within the genome of the Mimivirus, the largest known virus to date. 13 The Mimivirus is an icosahedral virus with 1.2 Mbp and 911 open reading frames (ORFs), 14 making it larger than some bacteria and prompting a new term for such a large virus, "girus". 15 Although this virus is primarily an amoebal pathogen that targets Acanthamoebaae polyphaga, it can either indirectly cause pneumonia in humans through its amoebal host, 16 or in some cases, it can directly cause pneumonia. 17 The electron microscopy (EM) structure of the intact Mimivirus has recently been determined, revealing striking features that include long fibrils extending approximately 1000 Å. 18 While the exact classification remains controversial, 19 there are several features similar to nuclear cytoplasmic large DNA viruses (NCLDVs) that include the Poxiviridae family. 20 Interestingly, the only DNA virus thus far identified as targeting host cell hCypA, i.e. VV, is also a member of the Poxviridae family. However, the Mimivirus is missing 5 of the 31 conserved genes that define NCLDVs and 80% of the Mimivirus' ORFs have never been observed, suggesting an evolutionarily distinct lineage. 21 One of the most surprising features of the Mimivirus is that it contains several eukaryotic homologues, including several tRNAsynthetases as well as mimicyp.
To begin addressing the role of this first identified virally encoded cyclophilin during the lifecycle of the Mimivirus and possibly gain insight into the roles of cyclophilins in viral infection in general, we have characterized mimicyp biochemically, structurally, and in vivo. Our most striking finding is that mimicyp is located on the surface of mature Mimivirus virions as revealed by immunofluorescence studies, supporting reports that host cell hCypA is recruited by both HIV-1 22, 23 and SARS 6 to viral membranes. Although our 2.0 Å resolution X-ray crystal structure reveals that mimicyp retains all cyclophilin secondary structural elements, there are fundamental differences that make this protein unique from other cyclophilins as probed by NMR solution studies. First, mimicyp self-associates through at least two regions: one region is responsible for the formation of trimers and the other may induce trimer-trimer interactions. Second, unlike other cyclophilins, the putative active site of mimicyp is acidic despite the protein as a whole being highly basic. The active site accommodates a basic loop from a neighboring molecule within the asymmetric unit. Part of this loop adopts a conformation similar to other cyclophilin substrates, such as the HIV-1 capsid bound to hCypA. 24 In accord with this very divergent active site, mimicyp is unable to catalyze the isomerization of standard proline containing peptides. This indicates that mimicyp is not a PPIase that is also consistent with the absence of the catalytic arginine found in the majority of cyclophilins. Thus, unless another host cell cyclophilin is recruited during the viral life cycle, this study suggests that PPIase activity is not critical for Mimivirus infection. Moreover, localization of mimicyp to the virion surface suggests that this protein may play a structural role and/or an as yet unidentified role in the Mimivirus life cycle.
Results

Mimicyp sequence comparison to other cyclophilin family members
Mimicyp shares approximately 35% similarity and 20% identity to its respective human counterparts cyclophilin-A (hCypA) and cyclophilin-B (hCypB) (Figure 1(a) ). A sequence analysis reveals that the closest phylogenetic homolog to mimicyp is that of Entamoeba histolytica cyclophilin (EhCyp) that shares 33% similarity and 25% identity and has been isolated. 25 However, it should be noted that the genome of A. polyphaga, the initial host of the Mimivirus, is not yet available and that a cyclophilin from this organism may also be highly similar to mimicyp. The mimicyp ORF encodes for a protein of 242 residues, somewhat larger than hCypA (165 residues), hCypB (208 residues), and EhCyp (167 residues). Of particular interest is the absence of the highly conserved arginine residue that has been implicated in catalysis by NMR, X-ray crystallography, and activity studies [26] [27] [28] (Figure 1(a) ). Asn83 in mimicyp has replaced this catalytic residue (Arg55 in hCypA, Arg63 in hCypB, and Arg57 in EhCyp), suggesting a complete lack of PPIase activity probed further below or a different enzyme mechanism relative to other cyclophilins. Furthermore, this may suggest that the enzymatic activity of this cyclophilin is not important for the life cycle of the Mimivirus and that there is an evolutionarily distinct function other than peptidyl-prolyl isomerization.
Monomer structure and comparison to the prototypical cyclophilin, hCypA The 2.0 Å X-ray crystal structure of mimicyp determined here reveals a typical cyclophilin fold consisting of eight β-strands forming two antiparallel β-sheets and three α-helices (Figure 1 (b) and X-ray statistics given in Table 1 ). An overlay of these secondary structure elements with the proto- The sequence alignment of the secondary structural elements for mimicyp and hCypA with the secondary structure (either β-strand or α-helix) shown above. In mimicyp, Asn83 replaces the catalytic residue in hCypA, Arg55 (red). (b) The X-ray crystal structure of monomeric mimicyp is shown (blue). The C-terminal residues 214-234 that do not give rise to observable density are shown as dotted lines. (c) Overlay of mimicyp (blue) with hCypA (gold) using all backbone nuclei of secondary structure elements (74 residues within each protein) results in an RMSD of 1.02 Å. The conserved catalytic Arg55 of hCypA and nonconserved Asn83 of mimicyp are shown for a comparison. Residues 149-158 that are not present in hCypA and residues 188-194 that deviate from hCypA are designated with arrows. typical cyclophilin member, hCypA, results in an RMSD value of 1.02 Å (Figure 1 (c), using all backbone atoms within Figure 1(a) ). Both the sequence similarity and identity of mimicyp and hCypA are slightly higher when only the secondary structural elements are considered (50% and 30%, respectively). This may suggest that loop regions play a role in substrate specificity, consistent with co-crystal structures of other cyclophilin family members that show such regions to be in close proximity to their binding partners. 24, 29 There is an additional helical turn at the C terminus of mimicyp and both termini are extended relative to hCypA.
Despite the overall secondary structure similarities, there are several major differences between the mimicyp monomer and the vast majority of cyclophilins. There are three large insertions relative to hCypA (mimicyp residues 55-61, 66-76, and 149-159). The latter region is adjacent to the short conserved α-helix (Figure 1(c) ). Much of the first two insertions do not give rise to observable electron density in the current crystal that includes residues 57-71. Two additional regions that do not give rise to observable electron density in the current mimicyp model also include residues 97-100 and the C-terminal residues 214-234. Residues adjacent to these regions do not appear to engage in crystal contacts and, thus, all three of these segments may be disordered in the absence of any binding partners.
Like many other cyclophilins, including hCypA, hCypB and EhCyp, mimicyp is a relatively basic protein (pI ∼ 9), yet a major deviation from these other members is the presence of several acidic residues within the putative substrate-binding site (described further below). This supports a very different substrate specificity for mimicyp and strongly suggests that this cyclophilin does not engage the inhibitor cyclosporine-A (CSA). CSA specifically targets the active site of many cyclophilin family members and its binding to mimicyp would disrupt oligomeric interactions further discussed below. However, CSA exhibits a wide array of affinities to cyclophilins and mimicyp contains only two of the 13 active site residues critical for binding this inhibitor. 30 In fact a change of just one of these residues, Trp121 in hCypA (Figure 1(a) ), has been found to reduce the affinity to CSA by nearly three orders of magnitude, as observed in many Gramnegative bacterial cyclophilins 31, 32 as well as some human cyclophilins. 33 Thus, CSA is not expected to bind mimicyp and in accord with this our attempts to observe such an interaction failed. For example, NMR spectra of mimicyp concentrated in the presence of CSA were identical to that in the absence of the inhibitor, indicating no binding (data not shown). This is in contrast to the NMR spectra of CSA/hCypA that is markedly different than hCypA alone, as observed by both others and us. [34] [35] [36] The basic loop is shown in green with heavy atoms of side-chains included and the active site is shown as a surface representation with basic residues shown in blue, acidic residues in red, and uncharged or hydrophobic residues in white. (c) Intermolecular electrostatic side-chain pairs that stabilize the trimer are formed between Lys188, Arg193, Lys194 from the basic loop and Asp164, Asp144 and Asp94 of the putative acidic active site, respectively. (d) Intermolecular electrostatic pairs that stabilize trimer-trimer formation include side-chain interactions of Asp178-Arg30 and Ser209-Lys34, and intermolecular hydrogen bonds formed between backbone carbonyl oxygen atoms of Tyr174 and Leu207 with the side-chains of Gln32 and Gln172, respectively. (e) Overlay of mimicyp intermolecular interactions with the hCypA/HIV-1 capsid complex (PDB accession number 1AK4) exhibits both similarities and differences. The mimicyp residues 188-194 are shown that comprise a type II β-turn, Tyr190-Arg193, and the HIV-1 capsid residues 483-494 form a relatively extended structure. These loops bind to each cyclophilin in opposing directions, yet approximately half of the residues within each, i.e. comprising the HIV-1 capsid loop and the neighboring mimicyp inserted loop, are nearly superimposed. The same secondary structural elements of mimicyp and hCypA shown in Figure 1 were used to align the two complexes.
Oligomeric interactions in the crystal
Mimicyp forms several subunit interactions within the X-ray crystal structure that have not previously been observed in cyclophilin family members. Crystals of mimicyp have the space group P2 1 3 with one molecule in the asymmetric unit. Generating the unit cell reveals 12 molecules arranged as four trimers. There are two interfaces, each independently contributing to both interactions within the trimer and to interactions between the trimers. Although intermolecular cyclophilin crystal contacts are routinely observed, many of these do not lead to oligomers in solution. However, in mimicyp these interactions do occur in solution (discussed further below), and, thus, each of these interactions, both within and between trimers, will be described briefly.
Intermolecular interactions that stabilize the trimer are mediated by a basic loop consisting of residues 188-194 (KPYAGRK) that insert into the putative acidic active site and forms a β-turn ( Figure  2(a) ). The C α -C α distance within this loop between Tyr190 and Arg193 is 5.4 Å, well under the 7 Å definition of a β-turn, while the ϕ, ψ angles of Ala191 (−56°,130°) and Gly192 (83°,−11°) define a type II β-turn. 37 Several intermolecular electrostatic interactions are formed between this basic loop and the acidic active site of the adjacent monomer that include those between side-chains of Lys188-Asp164, Arg193-Asp144 and Lys194-Asp94 ( Figure  2 (b) and (c)). The distances between these side-chain heteronuclei are as close as 3 Å; therefore, these residues likely form ionic bonds. The acidic surface that forms the trimer also includes several intermolecular interactions with the α-helix preceding the basic loop such as Lys182 in the basic loop and Glu137 in the helix. Although self-association through the active sites of cyclophilins has rarely been observed, there are several members for which this has been documented. These include PPWD1-Cyp (PDB accession code 2A2N, unpublished data), human cyclophilin-H, 38 and a cyclophilin from the mold Aspergillus fumigatus. 39 Like the predominantly electrostatic interactions observed between subunits within the trimer, interactions between trimers are also dominated by electrostatic interactions. Such trimer-trimer interactions occur on the face of the protein opposite the putative active site (Figure 2 (a)). Although there are numerous hydrophobic residues within this region, few are within 4 Å of each other and thus, may only marginally stabilize trimer-trimer interactions. In contrast, many intermolecular electrostatic interactions come as close as 3 Å such as those from the side-chains of Asp178-Arg30 and Ser209-Lys34, and intermolecular hydrogen bonds formed between backbone carbonyl oxygen atoms of Tyr174 and Leu207 with the side-chains of Gln32 and Gln172, respectively ( Figure 2(d) ).
Mimicyp ligand specificity and comparison to other cyclophilin interactions
Comparing intermolecular interactions in the mimicyp trimer with other cyclophilin complex structures suggests that the observed mimicyp contacts may have biological significance. For example, overlaying the mimicyp trimer with the hCypA/HIV-1 capsid N-terminal complex 24 reveals that approximately half of the inserted loop of mimicyp residues 188-194 overlaps with the HIV-1 capsid loop of residues 483-494 ( Figure 2(e) ). This loop on the HIV-1 capsid has been implicated in intermolecular dimer contacts that are important for viral assembly 40 and is in accord with our findings that this loop on the mimicyp is also responsible for oligomeric interactions. Specifically, the backbone atoms of HIV-1 capsid residues 485-489 and mimicyp residues 191-195 are within 1.0-2.5 Å for each respective pair. Thus, insight as to the ligand specificity of mimicyp may be drawn from its intermolecular interactions within the trimer. Specifically, unlike all other observed cyclophilin active sites that allow for the binding of a wide array of prolinecontaining peptides and proteins, the active site of mimicyp suggests that it will not preferentially accommodate proline residues. This conclusion is drawn from the acidic nature of the putative mimicyp active site, whereas most other cyclophilin active sites are hydrophobic and somewhat basic in nature. Thus, for mimicyp, ligands with basic residues are obviously preferred as observed for the basic residues 188-194 that insert into the active site ( Figure  2 (b)). The difference in specificity is also due to Asn83, which has replaced the typical cyclophilin catalytic residue (Arg55 in hCypA). For example, cocrystal structures indicate that Arg55 in hCypA normally makes stabilizing contacts with the prolylpeptide bond of proline-containing substrates, such as those with the HIV-1 capsid. 24, 27, 41 In contrast, the side-chain of Asn83 in mimicyp at best forms weak intermolecular stabilizing contacts with the backbone of Gly192 within the inserted basic loop of residues 188-194 (Asn83 is ∼4 Å from both the amide and carbonyl atoms of Gly192).
The directionality of this intermolecular bound loop within mimicyp is in an orientation opposite to that observed for known cyclophilin complexes (Figure 2 (e)). As described above, the inserted loop forms a β-turn, which results in a less extended insertion relative to either the HIV-1 capsid loop bound to hCypA as well as smaller bound peptide substrates. 24, 27 Whether these features are a general requirement for mimicyp ligand specificity can only be addressed by future studies once either its potential viral targets or host (or both) have been identified.
Oligomeric interactions in solution
Although the X-ray crystal structure provides a model for how mimicyp self-associates in the crystal lattice, such structural data do not prove such contacts exist in solution. In fact, gel-filtration has indicated that mimicyp migrated predominantly as a monomer (data not shown), although it is important to note that under such conditions the protein is far less concentrated than in the crystal (∼100-fold). Thus, NMR was used to probe the oligomeric interactions under high concentrations in solution. Few resonances were initially observed in a 1 H-15 N transverse relaxation optimized spectroscopy-heteronuclear single quantum coherence (TROSY-HSQC) spectrum at a concentration of 0.3 mM, suggesting the oligomeric interactions observed within the X-ray structure also occur in solution (data not shown). The fact that mimicyp migrates primarily as a monomer at low concentrations and the loss of NMR signals at 0.3 mM concentration, indicates that the binding affinity of mimicyp for itself is relatively weak (i.e. K d ∼50-500 μM), consistent with the affinities of other cyclophilins for substrates. 42 This observation of only a subset of resonances also indicates that these sample concentrations are on the same order as the mimicyp self-association constant, in agreement with our estimation of a weak self-association affinity. Consistent with the electrostatic nature of the observed interactions within the crystal, the addition of 100 mM arginine appeared to weaken this self-association, resulting in the observation of additional resonances in the 1 H-15 N TROSY-HSQC spectrum (Figure 3(a) ). However, even in the presence of arginine, only a subset of the resonances was visible. Moreover, these resonances exhibit severe line-broadening, suggesting a dynamic equilibrium between monomer and higher-order oligomers was still present in solution and that arginine served to shift this equilibrium more towards the monomeric state.
Based upon both our X-ray crystal structure and these initial NMR results, we constructed several mutants to further probe mimicyp self-association and determine whether the interactions in solution are consistent with those observed within the crystal. Two regions of mimicyp were altered to disrupt the intermolecular contacts observed in the X-ray crystal structure, and 1 H-15 N TROSY-HSQC spectra were used to qualitatively monitor the impact on the apparent oligomeric equilibrium. These regions were chosen to specifically weaken either those interactions responsible for trimer formation or those responsible for trimer-trimer interactions ( Figure 2 ). Residues corresponding to the basic insertion loop (residues 188-194) responsible for trimer formation were removed first, yet this resulted in a highly unstable protein (data not shown). Replacing this loop with a random sequence of both glycine and serine residues (SGSSG), aimed at increasing protein solubility, resulted in a mutant protein that was stable (called Δ188-194, recalling that SGSSG have replaced these residues). The remarkable change observed in the 1 H-15 N TROSY-HSQC spectrum of Δ188-194 relative to the wild-type mimicyp suggests that disruption of the trimer interface does indeed shift the equilibrium towards a smaller observable species in solution (Figure 3(b) ). Similarly, truncating the C-terminal 29 residues of mimicyp (Δ206-234) also resulted in a mutant protein that in solution has its equilibrium shifted towards a smaller oligomeric state (Figure 3(c) ). However, both spectra derived from these mutant forms remain line-broadened, presumably due to the presence of the other oligomeric interaction. Unfortunately the combined mutant resulted in an insoluble protein (i.e. replacing residues 188-194 with the sequence SGSSG and removing the C-terminal 29 residues). It should be noted that the C-terminal residues are highly basic (residues 206-234 have a pI∼11) and could potentially insert into the putative acidic active site in solution, as do residues 188-194. Thus, there may be a third means of self-association in solution that may be removed in the mutant Δ206-234.
Additionally, a comparison of these 1 H-15 N TROSY-HSQC spectra supports our hypthesis that the C-terminal residues unobserved within the X-ray crystal structure (residues 214-234) are disordered in solution. Sharp amide resonances observed in the center of the spectrum for the wildtype mimicyp also appear in the spectrum of Δ188-194 (Figure 3 (a) and (b)) but not in the spectrum of Δ206-234 (Figure 3(c) ). The narrow line-widths and the lack of chemical shift dispersion are indicative of flexibility and disorder for the C-terminal residues.
Mimicyp does not function as a PPIase
We used NMR solution studies to probe the catalytic activity of mimicyp using a proline-containing substrate Suc-AFPF-pNA ( Figure 4 ). Such substrates have served as standards for assessing the activity of cyclophilins, typically using chymotrypsin-coupled UV kinetic assays that measure the first order rate constant of cis-trans interconversion. 43, 44 Using NMR, we can directly monitor the reversible PPIase interconversion of substrates between cis and trans conformations. 45 In the absence of catalysis, such peptides give rise to two sets of resonances, one corresponding to each conformer. These conformations slowly interconvert between one another on the NMR timescale, giving rise to two distinct sets of resonances (Figure 4(a) ). However, an active PPIase, such as hCypA (3:1 ratio of substrate to enzyme), efficiently catalyses the cis/trans isomerization to bring the exchange into the fast exchange limit on the NMR timescale. 34 Consequently, a single set of averaged resonances is observed (Figure 4(b) ). In contrast to hCypA, in the presence of equal concentrations of mimicyp, two separate sets of resonances remain for Suc-AFPF-pNA and neither exhibit any apparent line-broadening (Figure 4(c) ). This indicates that the standard PPIase substrate does not bind and consequently does not undergo rapid interconversion in the presence of this viral cyclophilin. Such a lack of PPIase activity is most likely not due to mimicyp oligomeric interactions blocking access to the putative active site, since its In the presence of the active PPIase hCypA there is rapid interconversion between these two conformers by the enzyme 26 that leads to a single averaged resonance. Mimicyp neither catalyzes nor binds this peptide, as evidenced by the lack of chemical shifts changes. self-association constant estimated above as 50-500 μM is similar to the affinity that cyclophilins exhibit to their respective substrates. 42 Thus, mimicyp is not a PPIase, a result that is consistent with both the absence of the catalytic arginine (i.e. Asn83) and our structural data that have revealed an acidic putative active site.
Mimicyp expression and location on the surface of viral particles
Unravelling how mimicyp is utilized by the Mimivirus first requires locating this protein during the viral life cycle. To this end, we have gone beyond confirming mimicyp expression and found that it is highly localized on the mature virion surface. As shown in Figure 5 (a), using enzyme-linked immunosorbent assay (ELISA), the polyclonal antibodies directed against recombinant mimicyp specifically recognizes a protein within Mimivirus extract. Both Western blots and silver staining lend further evidence that the antigen recognized in Mimivirus extracts is recombinant mimicyp, since both proteins migrate with the same molecular weight ( Figure  5(b) ). The other proteins recognized by the antibodies represent a very small fraction of the total proteins, since they are not visible upon silver staining SDS-PAGE gels ( Figure 5(c) ) and may be proteolyzed and larger mimicyp aggregates (possibly cross-linked through disulfide bridges over time). The recognized protein is specific for Mimivirus and is not related to a putative eukaryotic contamination. As illustrated by the immunofluorescence assay ( Figure 5(d) ), the mimicyp appears to envelop the mature virions, suggesting that it is located on the surface of the mature viral particles.
Additional immunofluorescence studies were conducted to localize mimicyp during infection of the Mimivirus host A. polyphaga ( Figure 6 ). 4′-6diamidino-2-phylindole (DAPI) fluorescence staining, specific for AT-rich double-stranded DNA, reveals both large viral factories as well as Mimivirus particles present both within and exterior to several infected amoeba (Figure 6(a) and (c), blue). This is consistent with recent findings where viral factories form just hours after infection and viral particles are visible throughout the entire cytoplasm. 46 Fluorescence experiments using anti-mimicyp antibodies clearly show this cyclophilin is highly expressed during infection (Figure 6(b) and (c), green) as well as within intact virions released from the cells ( Figure 6(d) ). Pre-immune sera resulted in no immunofluorescence for either DAPI or anti-mimicyp antibody staining. Altogether, these data provide evidence for both mimicyp expression during the life cycle of the Mimivirus and, importantly, localization to the surface of mature virions.
To address the importance of mimicyp during infection in A. polyphaga, the kinetics of Mimivirus infection were also measured, both in the absence and presence of excess recombinant mimicyp (2.5 μM and 5.0 μM), anti-mimicyp antibody (dilution 1:100), and CSA (2.5 μM). Since CSA is not expected to bind mimicyp, it was also not expected to block infection, as is the case for HIV-1 where it targets hCypA. [47] [48] [49] However, neither the inhibitor nor the presence of the proteins had any apparent change to the Mimivirus life cycle (16 h post infection) (data not shown), suggesting that the mimicyp is either not critical for infection of A. polyphaga or that the high levels of expression detected during infection could not be suppressed (Figure 6(b) and (c) ).
Discussion
Mimicyp structure and biochemical characterization
We have cloned and characterized the first virally encoded cyclophilin, mimicyp, belonging to the largest virus identified thus far, the Mimivirus. Although our structural analysis reveals that the secondary structure of mimicyp is conserved within the cyclophilin family of enzymes, there are several significant differences. First, the explicit oligomeric interactions identified within the mimicyp that give rise to trimers in the crystals have not previously been observed in other cyclophilins. Second, the active site of the mimicyp is considerably more acidic than other cyclophilins, including those from both eukaryotes and protozoa. 50, 51 Third, we have shown by solution NMR that the mimicyp does not catalyze the isomerization of prolyl-peptide bonds and thus is not a PPIase, consistent with the absence of the catalytic arginine (Arg55 in hCypA is replaced with Asn83 in mimicyp). This is especially intri- guing considering peptidyl-prolyl isomerization mediated by host cyclophilins has been suggested to play a role in viral infection, 52 and the HIV-1 capsid is isomerized by hCypA. 53 In contrast, these data suggest that PPIase activity of mimicyp is not utilized during viral infection by the Mimivirus, although we cannot rule out an evolutionarily distinct catalytic function of mimicyp relative to the role that host cell cyclophilins play in other viral infections.
Oligomeric interactions identified within the X-ray crystal structure ( Figure 2 ) also seem to occur in solution, as indicated by our NMR studies (Figure 3) . Two intermolecular interfaces are formed within mimicyp, both dominated by electrostatic interactions. One results in trimer formation through a basic loop and the putative active site of a neighboring molecule (Figure 2(c) ) while the other results in the formation of trimer-trimer complexes through contacts on the distal face of the protein (Figure 2(d) ). The addition of arginine to the NMR sample weakened the self-association of mimicyp to allow us to begin probing both interactions mediated by the basic loop and the C-terminal end (Figure 3(a) ). Disrupting either of these interactions based on the crystal structure (mutants Δ188-194 or Δ206-234) shifted the dynamic equilibrium towards the monomeric species (Figure 3(b) and (c) ). Furthermore, because several resonances are observed in the presence of arginine, an upper limit of the dissociation constant can be estimated to be near these sample concentrations used, i.e. ∼300 μM in the presence of this additive.
The basic loop of residues 188-194 from a neighboring monomer that inserts into the putative active site partially overlaps with other cyclophilin-binding partners (Figure 2(e) ). A major distinction is that the potential catalytic residue, Asn83, lies much further away from this loop relative to the conserved Arg55 in hCypA to its substrates. While the hCypA Arg55 guinidino group is as close as 2 Å to its respective substrates, 54 the analogous residue of mimicyp, Asn83, is nearly 4 Å away from its self-associated basic loop. Although this may suggest that mimicyp is not primed for catalytic activity, we have previously shown that this active site region within hCypA is highly dynamic. 34 Thus, we cannot rule out the possibility that mimicyp retains some as yet unidentified enzymatic activity.
Comparison to other cyclophilins and their oligomeric interactions
Self-association through the typical cyclophilin active site has been reported for several other family members (Figure 7) and may play a self-regulatory role. 39 For example, "end-to-end" associations have been observed for two spliceosome associated cyclophilins, PPWD1-Cyp (Figure 7(b) ; unpublished results; PDB accession code 2A2N) and cyclophilin-H (Figure 7(c) ), 38 where N-terminal residues are bound within the active site of a neighboring molecule. Initial NMR studies of PPWD1-Cyp indicate this association occurs in solution and is abrogated by removal of the N-terminal region (T. Davis, Structural Genomics Consortium, University of Toronto, personal communication). A more drastic self-association has been identified for cyclophilin from the mold A. fumigatus, where domain swapping of two β-strands and the small α-helix has been identified by X-ray crystallography 39 (Figure 7(d) ). A concentration-dependent monomer/swappeddimer equilibrium was found to exist in solution, with higher concentrations favoring swapped-dimer formation. We have also shown that mimicyp exists in an equilibrium between its monomer and higher order oligomers and that this equilibrium can be shifted towards the monomeric state by either high Figure 7 . Self-association has been observed for several cyclophilins. Oligomeric interactions of (a) mimicyp, (b) human PPWD1-Cyp (PDB accession code 2A2N), (c) human cyclophilin-H (PDB accession code 1MZW), and (d) A. fumigatus cyclophilin (PDB accession code 2C3B) occur under concentrated protein conditions. For both PPWD1-Cyp and cyclophilin-H, only three monomers are shown yet these "end-to-end" interactions form a continuous array throughout the entire crystal lattice.
ionic strength or mutagenesis (Figure 3) . Thus, mimicyp self-association may also serve as a regulatory means of blocking (or exposing) a ligand-binding site (or substrate-binding site) in a concentration dependent manner.
While our findings indicate that mimicyp is not a PPIase and does not engage the inhibitor CSA, it is not necessarily the only cyclophilin family member with these characteristics. For example, the human N-terminal region of natural killer triggering receptor (NK-TR) contains a cyclophilin domain with a very weak affinity for CSA (i.e. millimolar) and many parasitic cyclophilins bind CSA with such weak affinity as well. 32 Moreover, there are many uncharacterized cyclophilins that may exhibit no affinity to CSA. For example, several parasitic cyclophilins have only a few of the 13 residues known to be critical for engaging CSA 32 and a human cyclophilin recently identified, peptidyl-prolyl isomerase cyclophilin-like 4 (PPIL4), has only six of these 13 residues conserved. 55 In fact, PPIL4 is the only human cyclophilin that has not retained the catalytic arginine (i.e. Arg55 in hCypA) and, thus, like mimicyp is not expected to be an active PPIase. 55 Interestingly, the catalytic arginine has been replaced with an asparagine in both PPIL4 and mimicyp and we are currently beginning to characterize this human cyclophilin for a comparison.
In summary, there have been numerous cyclophilins identified with markedly different sequences to the prototypical cyclophilin family member, hCypA. Like mimicyp, several of these have been found to oligomerize, both upon crystallization and in solution, and several recently identified cyclophilins may not engage CSA or catalyze peptidyl-prolyl interconversion. However, experimental confirmation awaits the functional and biochemical characterization of these proteins.
Mimicyp expression, surface localization, and comparison to other viruses
The most striking finding of this study is that mimicyp is localized on the surface of mature Mimivirus virions, as evidenced by immunofluorescence ( Figure 5(d) ). Since the Mimivirus is an icosahedral virus incased by its capsid protein D13L (GeneID: 3162789, hereinafter called mimicapsid), 13, 18 our results suggest a direct interaction between mimicapsid and mimicyp. Although we currently do not know the biological role of mimicyp, from the data presented here and biological data of hCypA for the virulence of other viruses we can speculate about the possible roles.
There are several potential roles that mimicyp may play on the outside of the mature virion. While the putative active site of mimicyp is acidic, the protein as a whole is highly basic (pI∼9). Thus, mimicyp could interact with the acidic mimicapsid through a novel interaction, such as its C-terminal basic residues, and help stabilize the mature virion (Figure 1(b) ). Interestingly, both HIV-1 and SARS have been shown to recruit host cell hCypA to their viral surfaces 6, 22 and there is strong evidence to suggest that virally attached hCypA functions to target host cells through its endogenous extracellular receptor, CD147 (i.e. cellular adhesion). 12 Additionally, virally attached hCypA may aid in evading an immune response by the host, analogous to viral incorporation of major histocompatibility complexes. 56 Thus, the Mimivirus may utilize its virally encoded mimicyp for similar functions. For example, mimicyp neutralization of the acidic mimicapsid may block electrostatic repulsion between the virus and the target cell, thereby promoting cellular adhesion and allowing for viral entry. In support of this, the closest phylogenetic homolog to the mimicyp is that to an amoeba cyclophilin, EhCyp, suggesting that close homology to an amoebal host (i.e. A. polyphaga) could allow the Mimivirus to avoid degradation during phagacytosis. This would be analogous to HIV-1 and SARS masking mature virions with host cell hCypA to avert an immune response. However, we were unable to block amoebal infection by either recombinant mimicyp or antimimicyp and the reasons for this are discussed below.
Several possibilities exist for our inability to block Mimivirus infection. First, externally bound mimicyp may not be critical for infection of A. polyphaga under our experimental conditions. Cellular adhesion may only be important for amoebal infection under stress conditions or possibly for infection of other amoebal hosts. This would be analogous to the finding that hCypA is only important for HIV-1 infection for certain cell types. 57 Second, since the Mimivirus also infects both murine 58 and human hosts, 17 there could potentially be a cellular receptor targeted by mimicyp for only these organisms, analogous to CD147 targeted by virally "hijacked" hCypA. 12 Third, there may be a specific restriction factor within one such host targeted by mimicyp, thereby thwarting an immune response during infection of this particular organism, analogous to owl monkeys that utilize a cyclophilin to avoid HIV-1 infection. For owl monkeys, a chimeric protein is formed between TRIM5a and cyclophilin-A, called TRIMCyp, and binds the HIV-1 capsid resulting in ubiquitin-mediated protein degradation. 59 Fourth, mimicyp expression during infection may be too high to specifically block by the addition of recombinant protein or antibodies ( Figure 6(b) ). Either mutations or deletions of mimicyp within the context of the full Mimivirus will undoubtedly address the importance of this cyclophilin in the viral life cycle, yet the genetic transformation of this virus has proven unsuccessful to date.
Mimicyp may also be involved in viral replication, since many other Mimivirus proteins that share high sequence similarity to eukaryotic counterparts are those involved in replication and DNA repair (e.g. tRNA synthetases and initiation factors 21 ). This is further supported by findings within other viruses, such as VSV and hepatitis C, that rely on host cell cyclophilins for transcription and translation, respectively. 5, 9 Interestingly, viral factories have recently been identified within the Mimivirus infected amoebal hosts within only several hours post infection 46 and such hot spots of viral replication have also been identified during VV infection where host cell hCypA is utilized. 10 However, our findings that mimicyp is highly expressed throughout the entirety of the amoebal host late in infection ( Figure 6 ) are in contrast to that of VV where hCypA primarily localizes to viral factories. Thus, if mimicyp is involved in viral replication within viral factories, it may still serve other as yet unidentified functions. Unfortunately in regard to both DNA viruses, hCypA with respect to VV and mimicyp with respect to the Mimivirus, identifying their cyclophilin interactions has proven elusive.
This study represents our continued effort in elucidating the roles of cyclophilins in the viral life cycle of multiple human pathogens. The Mimivirus is the first identified virus that encodes for its own cyclophilin that we have characterized here. The mimicyp is significantly different than other cyclophilin family members and, thus, may prove a novel therapeutic target for virally induced pneumonia.
Materials and Methods
Plasmid construction
The pET15b plasmid expression vector (Novagen Inc., Madison, WI) containing a hexa-His tag with a thrombin cleavage site was used for all protein expression. Using the platinum Pfx DNA Polymerase system (Invitrogen, Carlsbad, CA), the A. polyphaga mimicyp DNA (ORF no. L605) was amplified directly from mimivirus genomic DNA. 13 The forward primer contained an overhang with the NdeI restriction site (5′-CTCCGTCATATGAATTATT-CATTGGAAGATTTACC-3′) and the reverse primer with the BamHI restriction site (5′-GGCCATGGATCCTCAAT-TAACTCTGGTAGG-3′). The cleaved pET15b vector and PCR product were ligated, resulting in the vector pET15bmimicyp. All mutants were constructed by single-step overlap extension.
Protein expression and purification
All proteins were expressed in either Luria-Bertani (LB) media (for unlabeled protein) or in M9 minimal media 60 supplemented with 15 N ammonium chloride (for 15 Nlabeled protein). BL21(DE3) cells were used for all cell growths, and all media were supplemented with ampicillin. For a typical 2 L growth, a single colony was inoculated into 5 ml of LB media and subsequently inoculated into either 100 ml LB or M9 media overnight at 37°C. After inoculation into 2 l media, cells were further grown at 37°C until reaching an A 600 ∼0.6. Cells were chilled on ice for 30 min and then induced with 1.0 mM IPTG at 17°C for 12-16 h. Induction at higher temperatures resulted in insoluble protein. Cells were harvested by centrifugation and frozen at −80°C.
In all subsequent steps of lysis and purification it was essential to use high salt buffers to prevent protein precipitation. Lysis was accomplished by sonication in lysis buffer (100 mM Na 2 HPO 4 (pH 7), 500 mM NaCl, and 2 mM β-mercaptoethanol). The soluble fraction was applied to a 20 ml Ni-column (Sigma Life-Sciences, St. Louis, MO) and eluted with lysis buffer supplemented with 400 mM imidazole. The eluted fractions containing the target protein were concentrated to 2-3 ml and cleaved at room temperature with thrombin overnight. Slight precipitate was removed by centrifugation and the soluble fraction was applied to a 5 ml benzamidine Sepharose column (GE Healthcare, Piscataway, NJ) to remove the protease. Finally, the protein was once again concentrated to 2-3 ml and applied to a 320 ml Sephacryl S100 column (GE Healthcare, Piscataway, NJ) using 100 mM Tris-HCl (pH 7), 500 mM NaCl, 1 mM DTT. Final yields were 5-7 mg/L of cell growth.
Crystallization and X-ray structure determination
Mimicyp was subjected to crysallization trials at 25°C using the sitting drop vapor diffusion method and commercially available sparse matrix screens (Hampton Research, Aliso Viego, CA). A protein stock solution was prepared at 13.7 mg/ml in 100 mM Tris-HCl (pH 7.5) and 500 mM NaCl. Drops contained 1.5 μl of the protein stock and 1.5 μl of reservoir solution. Crystals of mimicyp were obtained from 0.1 M sodium phosphate monobasic monohydrate, 0.1 M potassium phosphate monobasic, 0.1 M Mes monohydrate (pH 6.5), and 2 M sodium chloride. The initial hit was optimized using an additive screen (Hampton research). Crystal size was increased with the addition of 0.1 M EDTA sodium salt (solution 49). Sodium malonate was used as a cryo-protectant. Crystals were transferred stepwise into a final solution containing a 1:1 mixture of mother liquor and 3.4 M sodium malonate (pH 6.5). Crystals were allowed to equilibrate for 5 min in the final solution and then flash-cooled by immersion into liquid N 2 .
Diffraction data were collected at the National Synchrotron Light Source (NSLS) beam line X6A at Brookhaven National Laboratory at 100 K. Diffraction data were integrated and scaled with HKL2000; 61 data and statistics are shown in Table 1 . The crystal had the symmetry of space group P2 1 3 and contained one molecule in the asymmetric unit (ASU). The structure was solved by molecular replacement using PHASER 62 and the crystal structure of human cyclophilin D (PDB accession code 2BIT) as search models. The model was improved by iterative cycles of refinement in REFMAC5 63 and model building using Coot. 64 Water molecules were picked using ARP/wARP 65 and manually inspected in Coot. Model quality was assessed using PROCHECK. 66 
Coordinates
The atomic coordinates and structure factors for mimicyp have been deposited in the RCSB Protein Data Bank with accession code 2OAO.
NMR spectroscopy
All samples were 300 μl with 5% 2 H 2 O and placed into a Shigemi microcell (Allison park, PA). Samples aimed at assessing the oligomeric state contained approximately 0.3 mM 15 N-labeled mimicyp or mutants thereof in Tris-HCl (pH 7), 500 mM NaCl, 1 mM DTT, and 100 mM arginine. Samples aimed at assessing enzymatic activity contained 0.15 mM unlabeled protein, hCypA mimicyp, supplemented with 0.5 mM N-succinyl-Ala-Phe-Pro-Phep-nitroanilide (Suc-AFPF-pNA) (Bachem, King of Prussia, PA) in 100 mM Tris-HCl (pH 7), 500 mM NaCl, 1 mM DTT.
All spectra were collected at 25°C on either a Varian INOVA 600 MHz or 800 MHz spectrometer (Palo Alto, CA). Spectra were acquired using standard Varian BioPack sequences. Spectra were processed and analyzed using NMRPipe software 67 and visualized using CCPN software. 68 
Generation of polyclonal antibodies
Six-week-old female BALB/c mice (Charles River, Wilmington, MA) were immunized intraperitoneally (ip) with 10 μg of purified recombinant mimicyp diluted in CpG adjuvant. Two boosts with the same amount of antigen were injected ip at 15 day intervals, and a third boost was administered ip ten days after the second booster injection. Ten days later, mice were bled and the sera collected for analysis.
Enzyme-linked immunosorbent assay (ELISA)
Mimivirus extracts, prepared as described by Raoult et al., 13 were resuspended in carbonate buffer, transferred to 96-well Nuncmaxi Sorb microtiter plates (1 μg/well) and incubated at 4°C overnight. Following saturation with 5% non-fat milk in phosphate-buffered saline (PBS) (200 μl/well) for 30 min, wells were washed three times with PBS-0.1% (v/v)Tween (PBS-T) and then incubated 90 min with 100 μl of primary antibody (pre-immune of immune sera of mimicyp-immunized mice) diluted in PBS-T-milk. After three washes with PBS-T, the samples were incubated with anti-mouse secondary antibody conjugated to horseradish peroxidase (HRP) diluted in PBS-T-milk (1:20,000) for 90 min, washed three times with 250 μl PBS-T. All incubation steps were processed at room temperature under gentle shaking. Finally, HRP enzyme activity was determined by o-phenylenediamine dihydrochloride (OPD) as substrate following the manufacturer's instructions (Sigma, St. Louis, MO). After a 30 min incubation, optical density (absorbance) of each well was determined with a microplate reader (Anthos 2010, Milan, Italy) at 290 nm.
SDS-PAGE and immunoblot analysis
Mimivirus extract (20 μg) and purified recombinant mimicyp (1 μg) were resolved by SDS-PAGE in a 10% (w/v) acrylamide gel and transferred onto a nitrocellulose membrane and either probed with anti-mimicyp polyclonal antibodies (1:2000 and 1:10,000), with a similar dilution of pre-immune serum as negative control, or silver-stained. Peroxidase-labeled anti-mouse antibodies were used as secondary antibodies (1:1,000; Amersham Pharmacia, Piscataway, NJ) and detection was achieved by chemiluminescence. Details have been described. 14 
Mimivirus infection and immunofluorescence
DAPI fluorescence staining of the Mimivirus during infection of A. polyphaga has been described. 46 Briefly, Mimivirus grown on amoeba 13 were collected 16-20 h post infection and deposited on glass slides by centrifugation at 80 rpm for 10 min using a cytospin system (ThermoShandon). Slides were air-dried and fixed with methanol for 10 min before incubation with the anti-mimicyp polyclonal antibodies (1:200 for Figure 5 and 1:100 for Figure 6 ) in PBS-Tween 0.1% (PBS-T) for 1 h at 37°C. Following three washes in PBS-T, the preparation was then incubated with an FITC-conjugated goat anti mouse IgG (1:250) and washed again. The slides were mounted in DAPI as fluorescence mounting medium (ProLong Gold antifade reagent; Molecular Probes, Invitrogen Corporation, Carlsbad, CA) and observed with Nikon upright fluorescence microscope (E800). Images acquired with the Nikon cooled camera (DS1-QM) driven by the Nikon & LIM "Lucia" software (Nikon & Laboratory Imaging Ltd, Praga, Cz) were analyzed with the ImageJ software †. DAPI fluorescence staining of the Mimivirus during infection has been described. 46 
